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Surface Plasmons and Optical
Dynamics on Vanadium Dioxide
Hiroaki Matsui
Abstract
We report on plasmonic resonances on VO2 nanodot arrays and associated
optical dynamics. The plasmon excitations based on electric field interactions lead
to red shifts of the plasmon resonances to lower photon energy with increasing
nanodot size. The spectral linewidths of plasmon peaks gradually become narrow
with increasing nanodot size. This is related to a reduction in plasmon damping
with respect to the electronic band structure of VO2. This specific band structure of
VO2 affects the optical dynamics of plasmon resonances at the sub-picosecond scale.
The optical excitations of VO2 comprise intraband and interband transitions.
The existence of plasmon bands induces long-lived lifetimes on decay processes.
Intraband transitions in the conduction band (C.B.) play an important role in pro-
ducing long lifetimes, attributing to free carriers in the C.B. By contrast, interband
transitions related to bound electrons contribute to plasmon damping. The dynamic
optical responses are closely related to the electronic band structures of VO2.
Keywords: VO2, surface plasmon, infrared, dynamics, Mott insulator
1. Introduction
Recently, plasmonic materials based on oxide and compound semiconductors
(e.g., ZnO, CuSe, and InN) have received much attention given that plasmonic
responses can be tuned by external fields [1–5]. Investigation of these materials has
led to the identification of a new family of plasmonic materials in the infrared (IR)
range, which differ from noble metals (e.g., Ag and Au) that have fixed free
electron densities. Oxide and compound semiconductors show ideal Drude terms in
the IR range due to the absence of interband transitions in the band gap [6].
Plasmonic tuning can be effected by carrier injections due to control of the
Fermi level in the electronic bands [7, 8]. The optical features arising from these
emerging plasmonic semiconductors show promise for use in optical applications
in the IR range.
Control of free carriers has been reported on oxide materials with strong
electron-electron correlations. Of these, materials comprising vanadium dioxide
(VO2) show a sharp insulator-metal transition (IMT) based on Mott-related and
Peierls-related processes [9], which can be controlled by external fields such as
thermal, electrical, and optical inputs. In particular, dramatic change of the specific
band structure of VO2 with external fields provides more than a three orders of
magnitude change in electrical conductance. The IMT character of VO2 resulting
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from the spin-orbital interactions makes this material a candidate for use in
optoelectronic applications [10–13]. The widespread interest in VO2 has further
focused on elucidating the complicated domain and grain structures in the vicinity
of IMT. This determines the spatial and hysteretic nature of the phase transition of
VO2. Recent studies have reported optical phenomena from plasmonic structures of
VO2 with nanostructures such as nanodots and nanoparticles in an effort to under-
stand the correlation between the optical response and phase transition [14–17].
These investigations have fueled further interest in nanostructures of VO2 and are a
very exciting and promising area of research with respect to active plasmonic
materials.
The ultrafast dynamics of free carriers in metals have received much attention.
Above all, photo-induced alternation of the plasmonic response is a powerful tool in
the fabrication of optically controlled nanophotonic devices. The combination of
ultrafast optical manipulations with large reflectance and transmittance is expected
to yield promising results in applications concerning active plasmonics and optical
switching [18, 19]. Thus far, plasmon modulations at the sub-picosecond scale have
been reported on noble metals such as gold and silver, being the most commonly
adopted plasmonic materials [20]. In general, effort aimed at exploiting ultrafast
dynamics requires the production of intense concentrations of energy (hot electrons
and hot holes) in the hosts. The dipolar excitations of all free carriers in plasmonic
resonances have large extinction cross-sections, which can easily concentrate light
into nanoscopic volumes. These phenomena have been utilized in furthering the
development of certain areas of photo-chemistry such as photo-catalytic reactions
and surface-enhanced Raman scattering (SERS).
Recently, investigations of the optical dynamics of oxide semiconductors have
focused on Sn-doped In2O3 and Ga-doped ZnO [21, 22]. The noble metals have large
amounts of free electrons in the host. Their plasmonic characters are hardly tunable.
By contrast, oxide materials can be easily controlled by optical excitations such as
intraband and interband transitions. For example, an interband transition is based
on carrier excitation between the conduction band (C.B.) and valence band (V.B.),
which can markedly change the plasma frequency that is dependent on carrier
concentration, leading to an optical tuning of a plasmon response. However, an
optical dynamics on an interband transition are known to show long plasmon
lifetimes of several picoseconds. On the other hand, a carrier excitation (electron or
hole) in the C.B. or V.B. is based on an intraband transition, resulting in signifi-
cantly faster plasmon lifetimes at the sub-picosecond scale [23]. Therefore, oxide
semiconductors are expected to show ultrafast optical modulations. Unfortunately,
the plasmon dynamics of VO2 have hitherto not been investigated. The electronic
band structure of VO2 differs largely from that of oxide semiconductors, which
show different optical dynamics due to the strong electron-electron correlations of
3d bands.
In this chapter, we highlight the surface plasmons and associated optical
dynamics of VO2 with two-dimensional (2D) nanodot arrays. Periodic alignments
of metallic nanodots can excite collective plasmon resonances due to electromag-
netic coupling between nanodots that are in close proximity. This plasmon coupling
in the nanodot arrays markedly influences the optical excitation and resonant
energy. In the first section, we introduce surface plasmons of VO2 nanodot arrays
and their damping processes, which will contribute toward our understanding of
ultrafast dynamics of plasmon resonances. In the second section, we report on the
optical dynamics of VO2 nanodot arrays by the plasmonic excitations based on
intraband transitions of C.B. Ultrafast optical modulations are observed in VO2
nanodot arrays at the sub-picosecond scale. This work provides new insight into
plasmon-induced optical dynamics of VO2.
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2. Surface plasmons of VO2 nanodot arrays
2.1 Fabrication of nanodot arrays
VO2 nanodot arrays were fabricated by top-down processes as follows [24]. VO2
films were epitaxially grown on Al2O3 (0001) substrates at a substrate temperature
of 420°C using pulsed laser deposition. ArF laser pulses were focused on VO2 targets
in an oxygen atmosphere of 1.0 Pa. After growing VO2 films, a UV nanoimprint
resist with a thickness of 200 nm was spin-coated onto VO2 film surfaces. The
lithography process was performed using an UV lithography system to fabricate the
nanodot array structure. The coated resists were pushed by quartz molds with UV
transparency under a pressure of 3 MPa for 5 min. The residual resist on the VO2
film surfaces after processing the UV lithography was removed by O2 plasma
irradiation. Additionally, reactive ion etching (RIE) using SF6 plasma was used to
process VO2 films to obtain nanodot arrays. SF6 RIE was conducted under an input
of 60 W and a gas pressure of 1 Pa for 30 s. The resist layers that remained on VO2
nanodot arrays were removed in toluene for completion of the VO2 nanodots.
Figure 1 shows X-ray 2θ diffraction (XRD) patterns of VO2 nanodot array
samples with different sizes (D = 340, 600, and 816 nm). XRD patterns with the
(020) diffraction plane are only shown. The patterns indicated a monoclinic struc-
ture corresponding to a low temperature phase of VO2. The 490- and 716-nm
nanodot array samples also exhibited similar XRD patterns.
Figure 1.
2θ XRD patterns of VO2 nanodot arrays with different sizes (D = 340, 600, and 816 nm) [24].
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Temperature-dependent Raman measurements were investigated in an effort to
identify structural changes in the VO2 nanodot arrays (Figure 2a). The Raman
peaks at 195, 224, and 614 cm1 were mainly attributed to V-V (ω1 and ω2) and V-O
(ωo) vibrational modes, respectively [25]. Raman studies play an important role in
clearing structural changes during the IMT, which is the index of our understanding
regarding hysteresis phenomena of plasmon resonances. The peak at 195 cm1
showed a slight change at 60°C. An additional peak at 632 cm1 was detected above
60°C in the vicinity of the peak at 614 cm1. Insulating phases in VO2 have the
monoclinicM1 andM2 and triclinic T phases [26]. TheM2 phase is distinguished
from theM1 phase primarily by the red shift of the ωo frequency [25]. Figure 2a
shows that theM1 phase at 60°C nucleated between the growing metallic rutile R
phase and the remainingM1 phase. TheM2 and R phases grew until theM1 phase
was consumed at this temperature and the R phase began to consume theM2 phase.
Furthermore, the transition to the R phase was complete at around 75°C. The
hysteresis curve of the ω0-related Raman peak shows that the hysteresis width was
very broad (Figure 2b). Finally, we confirmed Raman peaks related to each
nanodot using micro-Raman spectroscopy. All nanodots showed similar Raman
spectra and associated temperature dependencies (Figure 2c, d). The XRD and
Raman measurements revealed that the VO2 nanodot arrays were well fabricated
with high crystallinity.
2.2 Plasmon resonances and field distributions
Figure 3 shows the experimental and simulated extinction (A) spectra of VO2
nanodot arrays with different sizes (D) from 340 to 816 nm, as characterized by
A = log10(transmittance). All samples were observed at 90°C in order to monitor
plasmon resonances of the nanodot arrays. Extinction spectra were employed using
two types of optical measurement systems. One comprised a Vis-NIR spectra from
2500 to 400 nm and the other is a FTIR spectra from 8000 to 4000 cm1. The
Figure 2.
(a) Temperature-dependent Raman spectra of the 600-nm nanodot array. (b) Hysteresis curve of the ω0
Raman active peak. Closed and open dots represent heating and cooling processes of the sample, respectively. 2D
Raman images taken at (c) 30°C and (d) 75°C.
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nanodot size was checked using atomic force microscopy (AFM). The extinction
spectrum of aD = 340 nm sample provided a broad spectral linewidth. However, the
spectral linewidth gradually decreased with increasing nanodot size. The increase in
nanodot size resulted in a red shift of the plasmon resonance to low photon energy,
relating to long-range plasmon coupling based on the far-field since near-field
interactions at a short range result in a blue shift of the resonance peak with
increasing nanodot size [27]. Additionally, the experimental behavior was also
observed with the simulated data using rigorous coupled-wave analysis (RCWA)
(black lines in Figure 3). The magnitudes of the experimentally observed resonances
were weaker than the simulated resonances, which may be a result of fabrication-
related imperfections such as rounded edges and the corners of the nanodot arrays.
We could observe two kinds of resonance peaks (Peak-I and Peak-II) from the
nanodot arrays with D = 600, 716 and 816 nm. Thereupon, we focused on the
extinction of the nanodot array with D = 816 nm (Figure 3e), which showed Peak-I
and Peak-II at 0.36 and 0.62 eV, respectively. The origin of the resonant peaks was
clarified from three-dimensional field distributions based on the RCWA analysis.
Simulations of the electric field (E-field) distributions were performed at 0.36 and
0.62 eV (Figure 4). The top-view E-fields at 0.36 eV (Peak-I) were enhanced at
both interfaces between the nanodot and the substrate (substrate side), and
between the nanodot and air (air side) (Figure 4a, b). The cross-section E-field
revealed that the field intensity was more strongly concentrated on the substrate
side than on the air side (Figure 4c, d), which showed a dipole plasmon resonance.
On the other hand, the E-field at 0.62 eV (Peak-II) also emerged at both the
substrate and air sides (Figure 4e, f), which was predominantly higher than that on
the substrate side (Figure 4g, h). Therefore, the E-field at the substrate side adja-
cent to the substrate increased, and the field at the air side decreased. This behavior
Figure 3.
Extinction (A) spectra and atomic force microscopy (AFM) images of nanodot arrays with different sizes
[D = 340 (a), 490 (b), 600 (c), 716 (d), and 816 nm (e)]. Experimental and simulated spectra are
represented by black lines and open circles, respectively [24].
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was consistent with the loss of symmetry following introduction of a substrate. The
overall field distribution was weighted toward the lower edge in the vicinity of the
substrate and toward the top edge away from the substrate. This phenomenon is
attributed to substrate-induced plasmon hybridization for a metallic nanostructure
on a dielectric substrate [28]. The dominant resonance of Peak-I, which is the focus
of this study, mainly reflects the E-field between the nanodot and the substrate.
This E-field provides the collective plasmon resonance in the nanodot arrays.
2.3 Damping processes
Figure 5a shows the relationship between nanodot size and resonant peak
energy. The experimental and simulated data showed that a dominant peak energy
Figure 4.
Electric fields (E-field) of the nanodot array (D = 816 nm) calculated at resonances of 0.36 eV (upper images:
Peak-I) and 0.62 eV (lower images: Peak-II). (a) and (e) show in-plane (x-y) field distributions at VO2-
Al2O3 interfaces at 0.36 eV and 0.62 eV, respectively. In-plane (x-y) field distributions of VO2-air interfaces
at 0.36 and 0.62 eV are exhibited in (b) and (f), respectively. (c) and (g) indicate cross-section (z-y) field
distributions at 0.46 and 0.62 eV, respectively. Cross-section (z-x) field distributions at 0.36 and 0.62 eV are
indicated in (d) and (h), respectively.
Figure 5.
(a) Energy positions of resonant peaks of Peak-I as a function of nanodot array. Experimental and simulated
peaks are indicated by open and closed circles, respectively. (b) Scaling of the resonant peak energy (Eres) with
inverse nanodot size (1/D) [24].
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(Eres) associated with the dipolar resonance exhibited spectral red shifting with
increasing nanodot size.
Besides, Eres was inversely proportional to 1/D (Figure 5b), which indicated that
dynamic polarization effectively reduced the number of electrons oscillating coher-
ently, and shifted the resonance energy into the low photon energy.
Figure 6a shows the spectral linewidth (Γ: FWHM) as a function of resonant peak
energy (Eres). We extracted the spectral linewidth (Γ = 2Γ1/2) as the red half-width at
half-maximum Γ1/2 = Eres  E1/2, where E1/2 is the photon energy for which the
extinction is half of the peak value [29]. The experimentally obtained Γ was system-
atically small with decreasing resonant energy, and was close to that of the simulated
data. Plasmon quality (Q = Eres/Γ) enhanced with a reduction in resonant peak energy
(Figure 6b). The slight difference in Γ between experimental and simulated data
gradually increased with decreasing nanodot size. This may be related to surface
damage of the nanodot owing to a side etching effect in the SF6 plasma process.
The relationship between spectral linewidth and resonant energy is related to the
dielectric functions of VO2. Figure 7a shows complex dielectric functions of metallic
VO2 epitaxial films prior to nanofabrication. We discuss the plasmonic response of
metallic VO2 nanodots on the basis of bulk dielectric functions. The energy-dependent
scattering rate (γ*) and effective mass (m*) are important factors in clarifying the
damping mechanism, as estimated using the extended Drude model [30, 31].
ε ωð Þ ¼ ε
∞

ω2p
ω ωþ iγ ∗½ 
(1)
where ε
∞
represents the high-energy dielectric constant derived from interband
transitions. We used ε
∞
= 9. ωp is the plasma frequency defined as follows [30, 31]:
, where Ne is the total density of conduction electrons.
ð2Þ
ð3Þ
Figure 6.
(a) Plasmon linewidth (Γ) obtained from experimental (closed circles) and simulated (open circles) results as
a function of resonant peak energy. Inset indicates an extinction spectrum of the nanodot array with
D = 816 nm. (b) Plasmon quality (Q = ħ/Γ) as a function of Eres [24].
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ε1 and ε2 indicate the real and imaginary parts of the dielectric function, respec-
tively, when we define ε(ω) = ε1(ω) + iε2(ω). Based on an Ne value of
5.2  1022 cm3 from a Hall measurement, the energy-dependent γ* and m*/m0 (m0
is the electronic band mass) in metal VO2 were extracted (Figure 7b). In the simple
Drude model, the scattering rate is considered independent of the photon energy.
However, γ(ω) actually increased with increasing photon energy. The energy-
dependent scattering rate is generally based on electron-electron (e-e) scattering
and electron-phonon (e-ph) scattering. The behavior of ρ(ω) was proportional to
ω
2, which indicated that the scattering rate of metal VO2 was dominated by e-e
scattering. Additionally, m*/m0 was enhanced slightly at a lower photon energy
below 0.4 eV, which is characteristic of a Mott insulator [32]. Results showed that
the energy-dependent Γof plasmonic resonance was correlated with the energy-
dependent γ in the extended Drude model. A plasmonic linewidth is mainly the sum
of three separate processes involving intraband, interband, and radiative contribu-
tions (we ignore electron-surface damping, and chemical interface damping) [33].
The electronic band structure of VO2 is explained as follows [34]. The crystal field
splits degenerate 3d-orbitals into t2g and eg bands. The t2g bands further split into
t2g(d//) and t2g(π
*) bands. A t2g(d//) band splits into the upper t2g(d//
*) and lower
t2g(d//) bands in insulator VO2. In metallic VO2, an t2g(d//) band overlaps with an
t2g(π
*) band at EF, consisting only of 3d orbitals (Figure 7c). Additionally, radiation
contribution to the plasmon damping was relatively small in this work since the
plasmon linewidths gradually decreased with increasing nanodot size. As a conse-
quence, intraband damping related to e-e scattering in the conduction band plays an
important role in determining the plasmon linewidth, which is derived from the
highly corrected electron system of VO2.
3. Optical dynamics
Near-infrared laser pulses ranging from 1.9 to 2.5 μmwere realized from a single
supercontinuum pulse by intrapulse difference-frequency mixing with a spectral
Figure 7.
(a) Real (ε1: closed dots) and imaginary (ε2: open dots) parts of the dielectric function in a VO2 film prior to
nanofabrications. Note that energy-dependent ε1 and ε2 in a VO2 film were used since size-dependent plasmon
damping is neglected. (b) Damping rate (γ*: Straight line) and effective mass (m*/m: dotted line) as a function
of photon energy. (c) Schematic representation of electronic band structures of insulating and metal VO2 [24].
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focusing scheme. For our pump and probe system, the probe wavelength was the
same as that of the pump.
Details regarding the generation of femtosecond laser pulses (pulse width 
150 fs) are described in [35].
We initially investigated differential transmittance (ΔT/T) signals as a function
of laser influence strength (P) (Figure 8a). ΔT/T can be defined as ΔT/T = (Ton 
Toff)/Toff, with Ton and Toff being the probe signals reflected by the excited and
unperturbed samples, respectively. An excitation wavelength of λ = 2.1 μm was
used. The VO2 nanodot array with D = 490 nm was used as a measurement sample.
The sample temperature was maintained at 90°C to retain metallic state of VO2. ΔT/
T showed negative responses under different laser influence strengths (P = 100–
560 mJ/cm2), which indicated an increase in photo-induced absorbance. As shown
in Figure 8a, the plasmon dynamics obey a well-known process [36]: carrier
dephasing; electron-electron (e-e) scattering [process (1)], determined in the rise
time, carrier cooling and lattice heating by electron-phonon (e-ph) scattering [pro-
cess (2)], and followed by cooling of the lattice based on dissipation of phonons into
the environment [process (3), photon-phonon (ph-ph) relaxation]. The optical
dynamics of VO2 nanodot arrays were mainly dominated by e-e and e-ph scattering
processes in the plasmon relaxations. The rising (e-e scattering) and decay (e-ph
scattering) time constants remained unchanged with different influence strengths,
and were approximately 200 and 240 fs, respectively. The rising and decay pro-
cesses could be described by a single exponential decay model. Besides, all ΔT/T
signals were conducted below 1 ps, which differed from that employed for the noble
metals [36]. The ΔT/T signals on silver and gold nanoparticles have commonly been
extended in the range 10–20 ps [37]. Therefore, e-e and e-ph scattering on the VO2
nanodot array was faster than that on the noble metals, contributing to optical
modulations at the sub-picosecond scale. By contrast, ph-ph relaxation increased
with increasing laser influence strength due to an increase in thermal relaxation.
Figure 8.
(a) Differential transmittance (ΔT/T) signals as a function of lower influence strength. (1), (2), and (3)
indicate e-e scattering, e-ph scattering and ph-ph relaxation, respectively. (b) Dependence of ΔT/T on laser
influence strength.
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The value of ΔT/T was inversely proportional to the laser influence strength
(Figure 8b). No non-linear response was found within these laser influences.
On the other hand, no carrier dephasing was observed. The relaxation time of
carrier dephasing is characterized by the time constant,T2, which is related to the
time constant for inelastic decay of the plasmon population,T1, via T2
1 = T1
1/
2 + T*1, where T* represents possible elastic phase-loss processes [38]. We can
estimate T2 using the following relation: T2 = 2ħ/Γ, where ħ and Γ (= 2Γ1/2) indicate
the Plank constant and spectral linewidth, respectively. In the case of D = 490 nm,
T2 was estimated to be 5.1 fs, which was below the measurement limit.
Figure 9a shows differential transmittance signals as a function of laser wave-
length for VO2 nanodot arrays with D = 490 nm, revealing that the decay time of
ΔT/T signals was dependent on laser wavelength. The decay time could be well
fitted by a single exponential component in all laser wavelengths, as shown in
Figure 10a. Photon energy-dependent plasmon lifetimes were extracted from decay
times of ΔT/T signals. Lifetimes gradually increased with decreasing photon
energy, and showed a maximum value (0.257 ps) at 0.57 eV. The dependence of
lifetime on photon energy was close to that on extinction. Similar results were
obtained on the nanodot array with D = 600 nm (Figures 9b and 10b). That is, the
longest lifetimes were observed using laser wavelengths at the plasmon resonance
peaks.
The extinction spectra of VO2 nanodot arrays are characterized by the presence
of plasmon bands in the IR range. The surface plasmon is a quantum of h/(2πωp) of
plasma oscillation. The plasmon bands of VO2 nanodot arrays were attributed to
dipole oscillations of the free carriers (electrons) in the C.B. occupying the energy
states immediately above the Fermi energy. The band structure of metallic VO2 is
more complex compared with oxide semiconductors (Figure 7c). The Fermi level is
located in the t2g(π
*) level, which is partially overlapped with the t2g(d//) level. The
optical excitations of metallic VO2 comprised the three interband transitions E1, E2,
and E3 that were observed at around 1.22, 3.37, and 5.90 eV, respectively [39].
In particular, the lowest optical transition E1 corresponds to optical excitation from
the filled t2g(d//) to empty t2g(π
*) bands. This band transition broadly exists in the
range 0.5–2 eV, which is closely related to the plasmon dynamics.
Figure 9.
Differential transmittance signals as a function of laser wavelength for VO2 nanodot arrays with
(a) D = 490 nm and (b) D = 600 nm.
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In general, it is known that plasmon lifetimes differ largely between interband
and intraband excitations. For an Au metal, the s band of the C.B. is overlapped with
the d band, which provides two optical transitions as follows [40]. The interband
excitations from d to s bands result in short-lived lifetimes due to the bounded
carriers. By contrast, the intraband excitations in the C.B. consisting of the 6sp
bands are composed of free carriers, leading to long-lived lifetimes as compared to
the interband excitations (Figure 11a). On the other hand, for VO2, the t2g(π*) band
is partially combined with the t2g(d//) band existing in VO2 in addition to the
Figure 10.
Relationship between plasmon lifetime and extinction as a function of photon energy for VO2 nanodot arrays
with (a) D = 490 nm and (b) D = 600 nm.
Figure 11.
The electronic band structures of Au metal (left) and metallic VO2 (right).
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intraband excitation within the t2g(π
*). That is, the long-lived lifetimes of plasmon
peaks at 0.56 and 0.51 eV for nanodot arrays with D = 490 and 600 nm, respec-
tively, were due to intraband excitations of free carriers in the C.B., which provided
longer lifetimes than those of interband excitations. Optical dynamics of VO2 were
influenced by the intraband and interband transitions. The plasmon lifetimes were
determined by the intraband excitations in the C.B., which were attributed to the
band structure of VO2.
4. Summary
We investigated infrared plasmonic responses of VO2 nanodot arrays and their
optical modulations. Comparison of the experimental plasmon resonances with
electromagnetic simulations enabled us to perform spectral assignments and field
distributions. In particular, plasmon coupling between metallic VO2 nanodots con-
tributed to the collective excitation mode. Plasmon damping of VO2 was closely
related to the specific band structure, which affected the optical dynamics. The
plasmonic excitations excited by the fs pulse lasers showed ultrafast optical
responses at the sub-picosecond scale, which were dependent on laser wavelength.
The optical excitations of VO2 comprised intraband and interband transitions. The
long-lived lifetimes were observed at the resonant peaks in terms of free carrier
excitations of VO2. This result was attributed to the band structure, which affected
the plasmon lifetimes.
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